PBX 9501 Outgas Analysis by SPME/GC/MS
These results imply that DPA is less efficient as a radical scavenger than Irganox. This lower efficiency might be related to the lack of oxygen in the weapon environment, which is initially < 0.1%. With regard to DPA, it has been reported that radical scavenging activity is proportional to the oxygen pressure. At this time we are uncertain whether the low DPA efficiency is mainly attributed to the oxygen level or if there is another rate limiting step that would lead to the preferential consumption of BHT.
It should also be noted that because BHT and DPA are semivolatile compounds, these species can be depleted if the PBX 9501 is stored for long periods of time at elevated temperatures. This can be the case for molding powder stored in outdoor bunkers. In the addendum, we report significantly depleted volatile and semivolatile compound signature for Lot 730-010 molding powder stored in outdoor bunkers at Pantex. This particular lot was formulated with Irganox as the stabilizer, which is essentially a nonvolatile compound. Although analysis of this material will yield decreased BHT levels with time, resulting mainly from the storage and handling conditions of the molding powder, we would expect free radical activity to be controlled by the Irganox.
In addition to the outward diffusion of ingredients, we identified a significant polysiloxane degradation signature that apparently diffuses in from the weapon environment. From recent work at LLNL, we are able to distinguish irradiation-, heat-and chemical incompatibility-induced decomposition byproducts. Because a combination of cyclic and linear siloxane products were found, we believe that this signature signifies chemical incompatibility-initiated decomposition of the weapon polysiloxanes.
BACKGROUND
The purpose of this work is to complement liquid sample preparation and analysis of the PBX 9501 formulation ingredients. 1 The approach described here permits detection and identification of species that exist as trapped volatiles as well as of semivolatile compounds that are difficult to collect and analyze without volatilization loss or dilution. For this work, we prepared equilibrium headspace samples from PBX 9501. This procedure involves outgassing the material in a sealed headspace vial and either dynamically or statically collecting the gas-phase chemicals for analysis. Here, we used the static headspace collection approach involving solid phase microextraction (SPME) collection followed by gas chromatography/mass spectrometry (GC/MS) analysis.
The PBX 9501 samples were taken from the radial core specimens of specific weapon components. PBX 9501 is composed nominally of 94.9 wt % 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX), 2.5 wt % Estane 5703 F-1, 2.5 wt % nitroplasticizer, and 0.1 wt % stabilizer. Before 1980 the antioxidant stabilizer used was diphenylamine (DPA). After 1980, it was switched to Irganox 1010 (Irganox). Parts and their pedigrees are listed in Table I .
For the materials we analyzed, only the antioxidant signature provided any evidence of material degradation. Often, the state of the antioxidants (or stabilizers) provides the first indication of material degradation. Antioxidants are used to neutralize free radicals, which can be produced by different processes including material incompatibility, heating, irradiation, and mechanical damage. These free radicals react quickly with O 2 at a rate on the order of 10 9 M -1 sec -1 to form peroxide radicals. It is these peroxide radicals that typically react with antioxidants. The reaction of O 2 directly with most organic substrates is thermodynamically and kinetically unfavorable at low-to-moderate temperatures and is not expected to be as significant as free radical degradation. Therefore, "oxidation" degradation of most materials is likely initiated by radical formation. In this work, we evaluate "oxidation" degradation by monitoring antioxidant levels, antioxidant byproducts and polymer degradation byproducts.
Other aging processes that we typically monitor include the outgassing of species from a material and the absorption of compounds from the weapon environment. For these measurements to be meaningful, we must be able to control the material once it is removed from its aging environment. Unfortunately, this is not easily accomplished if the material has to be machined and handled over a relatively long period of time. In this case, many of the synthesis and formulation volatiles can be lost while outside contaminants are absorbed. For this reason, we focus our analysis on semivolatile species that are not easily lost or absorbed during subsequent handling. 
EXPERIMENTAL
The PBX 9501 samples were analyzed using SPME collection followed by GC/MS analysis. This approach was selected because of its high collection and preconcentration efficiency. In particular, this method focuses on the volatile to semivolatile compounds that are otherwise difficult to collect by liquid extraction because of dilution and interference by a solvent.
For these analyses, we shaved a 500-mg sample from the end of each radial core from reference position 15. 3 Nine of the eleven core samples were taken from a forward hemi and two from an aft. Each sample was sealed in a standard 20-ml headspace vial using a Teflon barrier, butyl rubber septa cap. We did not use the more common silicone seals so as to avoid contamination of the samples with siloxanes, which are often of interest. We believe that the siloxane signature outgassed from PBX 9501 is contamination that was absorbed from other weapon materials. Following sample preparation, we heated the vials to 50°C for approximately 5 days to accelerate outgassing of the trapped species. The samples were then transported to a laboratory where they were extracted by SPME at 24°C for 60 min. compounds at relatively high GC oven temperatures, was primarily used to take advantage of the existing retention-time database that we maintain for this column phase.
Ideally, we would have preferred to take several samples from a single core to evaluate variation in response throughout a radial core, however, this opportunity was not possible. Nevertheless, we are able to estimate method variance by comparing the response for a compound that is likely a process contaminant. One of the most common is hexamethyl cyclotrisiloxane, which is a relatively volatile siloxane that will equilibrate with the manufacturing environment. Shown in Fig. 1 is a comparison of hexamethyl cyclotrisiloxane response from the 11 cores samples. If each sample is able to equilibrate with the surrounding environment, then the relative standard deviation (RSD = SD/mean) of 15% is indicative of the precision of the combined handling and analysis process. It is important to note that this cyclic siloxane is also a common decomposition product of certain weapon polysiloxanes, however, we believe that the weapon signature is lost in handling as it is a relatively volatile compound. 
RESULTS
We found 31 significant compounds. The list of these compounds and their single ion monitoring (SIM) responses for a significant ion are given in Table II . The significant ion was selected on the basis of its relative response and interference from background or coeluting compounds. Structures for these compounds can be found using the CAS number at http://www.chemfinder.camsoft.com/. Each of these species can be traced back to specific materials. These species are (1) byproducts left in the materials following synthesis and formulation, (2) degradation products, and (3) contaminants. For the PBX 9501 we were able to detect a number of Estane byproducts and the DPA stabilizer. We were not able to collect the nitroplasticizers or Irganox because of the low collection temperature at which the material had to be handled. Most of the other compounds detected are permeants outgassed by other materials in the weapon headspace. The majority of these permeants are polysiloxane species. Previous work at LLNL has shown that many of these species are decomposition products rather than byproducts left over from synthesis and formulation. 4, 5 A number of the most volatile compounds (e.g., the first six compounds listed in Table  II ) are attributed to sample handling contamination despite the fact that many of these compounds are also known decomposition products of certain weapon materials. We believe this to be the case with the results shown in Fig. 1 where the compound response from sample-to-sample remained relatively constant indicating that the samples had equilibrated with the process environment. The relative responses for these compounds yielded RSDs below 30%.
Estane Byproducts
Volatile byproducts of recently manufactured Estane 5703, a polyester urethane whose simplified structure is shown;
include 1,6-dioxacyclododecane-7,12-dione and butylated hydroxytoluene (BHT) as shown in the analysis of 5703 P (Lot 6EEE3000SKI) in Fig. 2 . The 1,6-dioxacyclododecane-7,12-dione is a cyclized polyester dimer. The BHT is an antioxidant that is apparently incorporated in the MDI precursor. 6 For the Estane aged under ambient conditions, we see a decrease in the BHT levels and an increase in 2,6-di-tertbutylquinone (DBQ) and 1,4-butanediol. The cyclic polyester fragment only dropped slightly, which suggests that it is a synthesis byproduct that was slowly outgassing. This can be seen in the accompanying spectrum in In the analysis of the PBX 9501 samples, we did not detect significant levels of 1,4-butanediol. This volatile compound was likely lost throughout the lengthy sample handling procedure. Although the cyclic polyester fragment, 1,6-dioxacyclododecane-7,12-dione, was detectable, its response was low and appeared to be more dependent on lot than age. This result is in agreement with current belief that this compound is a synthesis byproduct and not a degradation product.
As shown in Fig. 3 , a significant loss of BHT is seen in those samples where DPA was used. In those same parts, as shown in We believe that the consumption of BHT and Ionol 2 and the formation of DBQ suggests a detectable level of free radial activity in the Estane. Basically, antioxidants are radical scavengers. Once the radical is formed, it reacts very quickly with O 2 to form a peroxide. The antioxidants, which include DPA, Irganox, BHT and Ionol 2, readily react with peroxide radicals.
At this time, we are uncertain as to the source of the DBQ byproduct. Typically, DBQ is formed by reaction of 2,6-di-tert-butyl-phenol with a radical peroxide as shown below
However, we did not detect the 2,6-di-tert-butyl-phenol precursor and, therefore, believe that the DBQ is a byproduct of BHT consumption. We also see DBQ in bulk Irganox.
It is our understanding in the case of DPA that a stable nitroxide radical is formed in a reaction between its amino radical precursor and a peroxy radical. After the nitroxide radical is formed, it can react directly with an alkyl radical 7 . For DPA to act as a radical scavenger, which is one of its primary uses, it must first react with a peroxide radical. Because the weapon environment is oxygen poor, the formation of the peroxide and the DPA nitroxide that follows at slower rate, will lower DPA's efficiency as a radical scavenger. Inhibited rates of oxidation are proportional to the oxygen pressure, inversely proportional to the nitroxide concentration and independent of the substrate concentration as shown below
As deduced from recent gas analyses, oxygen content in the weapon headspace is initially < 0.2%, which apparently decreases over the years for non leaking units. 8 If these low O 2 conditions inhibit activation of the DPA, then this might explain why the BHT and Ionol 2 were depleted in the formulations that used DPA. That is, in the absence or deficiency of O 2 , we would expect the efficiency of the hindered phenol antioxidants (e.g., Irganox) to be greater than the amine-based antioxidants (e.g., DPA). As the lifetime of the radical is increased, the depolymerization and chain transfer reactions will be promoted. If this is the case, then stiffness, creep resistance and brittleness will be expected to vary.
Siloxane Signature
From these analyses, it became apparent that there is a significant siloxane signature that is indicative of degradation. Those parts from which we found the highest levels of absorbed siloxanes include 761040815-15, 761061907-15 and 761030508-15, 761051349-15, listed in decreasing order of response. Shown in Fig. 6 is a comparison of the siloxane signature for the semivolatile cyclic siloxanes. Each sample is designated by the last two digits of the part number from which it came and the results are ordered by increasing months spent in the weapon. We believe these species were absorbed from the weapon atmosphere and are not contaminants because they (1) exist at relatively high levels, (2) are not seen in our process blank and (3) are determined to be common degradation byproducts of aged polysiloxanes (see below). Our aging studies of polysiloxanes have shown that this signature is indicative of backbiting decomposition of polydimethylsiloxane segments, which is given below
Back-biting decompostion
This back-biting reaction can be initiated by chain scission or can occur if the polysiloxane is not end blocked. Although it has been argued that cyclic siloxanes can also be left over from their synthesis, we have found that for LLNL materials, these species exist at only trace levels and are readily lost during formulation and post processing. We expect the same for the LANL materials. Linear siloxanes are not generally found in new materials but can be produced from a combination of chain scission and condensation of silanol groups.
Moreover, other work at LLNL involving the study of polysiloxanes upon heating and exposure to radiation has been shown to produce significant levels of benzene and lower levels of toluene and xylene. 5 These aromatics are cleaved from any diphenylsiloxane segments of the polymer. In addition, relatively high levels of cyclic siloxanes can be produced. Shown in Fig. 7 is a comparison of M9760 polysiloxane aged for two weeks at 50 and 200°C. From this study, it is clear that as the material is degraded, cyclic siloxanes are formed. 
CONCLUSIONS
Volatile analyses of PBX 9501 from deployed parts revealed two major aging signatures. The first was the adsorption of siloxane degradation byproducts from polysiloxane materials that share the same weapon environment. Those parts that outgas the highest levels of absorbed cyclic siloxanes included Parts 761040815, 761061907, 761030508, 761051349, listed in decreasing order of response. This response appears to correlate with those samples with the highest DPA levels. At this time, there is not enough information to determine whether these elevated cyclic siloxane levels might somehow result from lower depletion loss when the parts are machined, or whether they are directly related to enhanced aging processes. Direct analysis of the different units would verify whether the polysiloxane signature varied independently from the DPA response.
The volatile signature from the PBX 9501 that we monitored were primarily derived from Estane and the DPA stabilizer. The only aging signatures we could detect, given the sample history, include BHT, Ionol 2, DBQ and DPA, which are antioxidants and antioxidant byproducts. We found that these species can be monitored to track initial stages of decomposition. In those formulations that used DPA, we detected only trace levels of BHT and Ionol 2, which are hindered phenol antioxidants included in the Estane formulation. In addition, levels of DBQ, a byproduct of antioxidant decomposition, were elevated.
Altogether these results suggest that the DPA antioxidant efficiency is compromised, resulting in preferential consumption of the hindered phenol antioxidants-BHT and Ionol 2. In this case, one would expect the PBX 9501 formulated with DPA (Lot 685-xxx) to experience a higher level of free radical activity than in the PBX 9501 using Irganox 1010 (Lot 730-xxx).
ADDENDUM
Following this study, we were asked to analyze the PBX 9501 Lot 730-010 molding powder described in Table III . Unlike the weapon material samples, this molding powder was stored at Pantex in an outdoor bunker with no special environmental controls to regulate temperature and humidity since its manufacture. The upper heat load for a storage bunker is approximately 32°C. Given these conditions the volatile and semivolatile species are expected to diffuse from the material. This is different from the pressed part samples, where migrating species must diffuse through the bulk part to escape. From the identification list given in Table IV , we detected a number of cyclic siloxane compounds at the trace level. Although these compounds have been shown to be thermal decomposition products of certain weapon materials, they are also common environmental contaminants than can be readily absorbed. Although the outgas response for this PBX 9501 Lot 730-010 is low, the relative levels of BHT were comparable to the other samples (i.e., 761080904, 761100110, and 761100214) stabilized with Irganox instead of DPA. This similarity is determined by comparing the ratio of BHT to 1,6-dioxacyclododecane-7,12-dione, which is on the order of 10 to 30 for those lots formulated with Irganox. As discussed in the initial report, BHT can be monitored to assess antioxidant activity. Conversely, we believe that 1,6-dioxacyclododecane 7,12-dione is an Estane synthesis byproduct. If both these species are expected to diffuse out at approximately the same rate then their ratio is comparable with the other Irganox containing lots.
